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Cyanobacteria often referred to as "blue-green algae,” are a diverse group of photosynthetic
bacteria that are essential to Earth's ecosystems. These microorganisms have existed for over 3
billion years and have had a profound impact on the planet's atmosphere and the evolution of
life. They are renowned for their ability to perform oxygenic photosynthesis (photosynthesis
that produces oxygen), which helped transform Earth's atmosphere into an oxygen-rich one,
laying the foundation for the development of complex life forms.

Taxonomy and

Classification

Cyanobacteria belong to the domain
*Bacteria* and are primarily classified
based on their structural, biochemical, and
physiological characteristics. While often
mistaken for algae due to their photosynthetic
capabilities, cyanobacteria are not algae. They
are true bacteria and differ significantly from
eukaryotic algae in their cellular structure.

Cyanobacteria are divided into several orders
and families, with notable genera including:
Anabaena Known for forming filamentous
chains and for its ability to fix nitrogen.
Nostoc Commonly found in freshwater and
soil, often forming symbiotic relationships
with plants.
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Structure and
Morphology

Cyanobacteria exhibit a wide range of
morphological forms, from unicellular
organisms to large, multicellular colonies.
They can be found in diverse environments,
including freshwater, marine, and terrestrial
habitats. Key structural features of
cyanobacteria include:
> Cell Wall Cyanobacteria have a rigid cell
wall composed of peptidoglycan, similar
to other bacteria. Some species also
possess a gelatinous outer layer called a
*mucilaginous sheath* (Elhai et al., 2017).
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Thylakoid Membranes Cyanobacteria
contain internal thylakoid membranes
that house the photosynthetic pigments.
These membranes are essential for
photosynthesis, where light energy is
absorbed and used to convert carbon
dioxide and water into glucose, releasing
oxygen as a byproduct (Mullineaux et al.,
2012).

Pigments Cyanobacteria possess several
pigments that help capture light energy
for photosynthesis:

Chlorophyll-a The main pigment
involved in photosynthesis.

Phycocyanin A blue pigment that gives
many cyanobacteria their characteristic
blue-green color.

Phycoerythrin A red pigment that assists
in light absorption in the green and
yellow regions of the light spectrum.
Carotenoids Yellow, orange, and red
pigments that also play a role in light
absorption and protecting the cell from
oxidative stress (Holland et al., 2007).
Heterocysts Some cyanobacteria, such
as *Anabaena*, form specialized cells
known as heterocysts. These cells are
nitrogen-fixing structures that convert
atmospheric nitrogen (N,) into ammonia
(NHs;), a form of nitrogen that plants can
use. Heterocysts are crucial in nitrogen-

limited environments, and their function
is often tightly regulated by oxygen levels
within the colony (Fay, 1992).

+ Gas Vesicles Many cyanobacteria contain
gas vesicles, which are protein-bound
structures that allow the bacteria to
regulate their buoyancy. This helps them
optimize their position in the water
column for light absorption and carbon
dioxide availability (Pearson & Fay, 1975).

+ Reproduction Cyanobacteria primarily
reproduce asexually through binary
fission. Some species can also form
specialized reproductive cells such as
*akinetes* (dormant, resistant cells) or
*hormogonia* (short filaments that break
off and grow into new colonies) (Stal,
2002).

Photosynthesis
and Metabolism

Cyanobacteria are autotrophic organisms,
meaning they synthesize their own food
through photosynthesis. The photosynthesis
process in cyanobacteria is similar to that in
plants, where light energy is used to convert
carbon dioxide (CO,) and water (H,O) into
glucose (CsH1,06), with oxygen (O,) being
released as a byproduct.
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The basic chemical equation for
photosynthesis in cyanobacteria is:

\[6CO_2 + 6H_20 \xrightarrow{\text{light}}
C_6H_{12}0_6 + 60_2]

+ Oxygenic Photosynthesis Cyanobacteria
are the first organisms known to perform
oxygenic photosynthesis, which produces
oxygen as a byproduct. This capability,
which evolved around 2.4 billion years
ago, had a transformative impact on
Earth's atmosphere, leading to the Great
Oxygenation Event and contributing to
the rise of aerobic organisms (Falkowski
et al., 2004).

+ Nitrogen Fixation Certain cyanobacteria
can fix atmospheric nitrogen (N)
into ammonia (NH;) through an
enzymatic  process involving the
enzyme nitrogenase. This process is
particularly vital in nitrogen-limited
environments, such as freshwater and
marine ecosystems. Heterocysts play a
key role in nitrogen fixation, providing
an oxygen-free environment necessary
for the activity of nitrogenase (Berman-
Frank et al., 2003).

» Carbon Fixation Cyanobacteria fix
carbon through the Calvin cycle, the
same process used by plants and other
photosynthetic organisms to convert
inorganic carbon (CO,) into organic
molecules, such as glucose (Tabita et al.,
2008).

Ecological
Importance

Cyanobacteria play a foundational role in
many ecosystems, especially in nutrient
cycling. Their contributions include:

+ OxygenProduction As primary producers
of oxygen through photosynthesis,
cyanobacteria were instrumental in the
oxygenation of Earth's atmosphere, a
process that began about 2.4 billion years
ago. This event allowed for the evolution
of aerobic life, which includes most
modern organisms (Canfield, 2005).

+ Nitrogen Fixation Cyanobacteria's ability
to fix atmospheric nitrogen is crucial
for the fertility of many ecosystems. In
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Phycobilisome Thylakoid
membrane
/ Ribosomes
) Nucleoid
(DNATing)

Cell wall
Cell membrane
Peptidoglycan layer—\ &
Outer membrane—— §

Mucoid sheath
Capsule

Slime coat

Thylakoids

RuBisCO
Carboxysome

NATURE SCIENCE
NOVEMBER 2024

ISSN NO: 3048-8117 35



contribute to nutrient cycling by
converting atmospheric nitrogen into
forms usable by plants, algae, and other
organisms (Vitousek & Howarth, 1991).

Primary  Producers In  aquatic
environments, cyanobacteria are primary
producers at the base of the food chain,
supporting a wide range of herbivores
and higher trophic levels. They also
contribute to the formation of microbial
mats in some environments (Stal &
Moezelaar, 1997).

Symbiotic Relationships Cyanobacteria
form mutualistic partnerships with a
variety of organisms. For example, they
live in symbiosis with fungi to form
lichens, and they also live in the tissues
of corals, where they provide oxygen
and organic compounds. Cyanobacteria,
like *Nostoc*, can fix nitrogen for their
plant hosts, benefiting both organisms
(Bergman et al., 1997).

Cyanobacteria
in Harmful Algal
Blooms (HABs)

While cyanobacteria offer many ecological
benefits, some species can form harmful algal
blooms (HABs) under certain conditions.
These blooms typically occur in nutrient-
rich, warm, and calm waters. The impacts of
cyanobacterial blooms include:

+ Toxicity Some cyanobacteria produce
toxic compounds called *cyanotoxins*,
which can be harmful to aquatic life,
livestock, and even humans. These toxins
include:

+ Microcystins Hepatotoxins that can
damage liver cells and are a common
concern in freshwater ecosystems.

+ Anatoxins Neurotoxins that affect the
nervous system.
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-+ Saxitoxins Neurotoxins associated with
paralytic shellfish poisoning (Carmichael,
2001).

+ Eutrophication = Excessive = nutrient
pollution (especially nitrogen
and phosphorus) often stimulates
cyanobacterial growth, leading to

eutrophication, a process where water
bodies become over-enriched with
nutrients. This can cause oxygen
depletion, harming aquatic organisms
and disrupting ecosystems (Paerl &
Otten, 2013).

Cyanobacteria
in Biotechnology
and Industry

Cyanobacteria hold significant promise for

a range of biotechnological applications due

to their unique metabolic pathways and

photosynthetic capabilities. Key areas of
interest include:

+ Biofuel Production Cyanobacteria have
been studied for their potential to produce
biofuels, such as ethanol, biodiesel, and
hydrocarbons. Their ability to convert
sunlight into chemical energy through
photosynthesis makes them a promising
renewable energy source (Chisti, 2007).

+ Bioremediation Cyanobacteria can be
used in the cleanup of contaminated
environments, particularly for removing
heavy metals and excess nutrients
from water. This makes them valuable
in addressing water pollution issues
(Rosenberg et al., 2009).

+ Food and Health: Cyanobacteria
like *Spirulina* and *Chlorella* are
commercially cultivated and consumed
as food supplements due to their high
protein content, vitamins, and essential
fatty acids. These organisms are marketed
as "superfoods” and are valued for their
health benefits (Belay, 2008).

Evolution and
History

Cyanobacteria are among the oldest life
forms on Earth. Fossil evidence suggests
they existed as far back as 3.5 billion years
ago, and they played a crucial role in shaping
the planet's atmosphere. Their oxygenic
photosynthesis contributed to the Great
Oxygenation Event, which transformed the
Earth's environment and paved the way for
the evolution of complex life forms.
Cyanobacteria are also thought to be the
ancestors of chloroplasts in plants. Through
endosymbiosis, an ancient cyanobacterium
was engulfed by a host cell, eventually
evolving into the chloroplasts found in plant
cells today (Gray et al., 1999).

Conclusion

Cyanobacteria are extraordinary organisms

with  profound ecological, historical,
and biotechnological significance. Their
contributions to Earth's oxygenation and
nitrogen fixation were instrumental in
shaping the planet's ecosystems and enabling
the evolution of life as we know it. Despite
the potential for harmful blooms in nutrient-
rich waters, cyanobacteria's roles in nutrient
cycling, renewable energy production,
and biotechnology are indispensable.
Studying cyanobacteria continues to offer
valuable insights into both environmental
sustainability and the history of life on Earth.
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